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The backscattering process of injected electrons on exchange-splitted levels of quantum well (QW)
in ferromagnetic metal / insulator / semiconductor heterostructure is studied. It is found that, if
one of the exchange-splitted levels lies in the top region of the QW and the energy of injected
electrons is close to the energy of localized electron on this level, the backward scattering becomes
dependent on spins of injected electrons. Accumulation of backscattered electrons in the QW leads
to considerable reduction of the current depended on its spin orientation. The spin polarization
increases with growth of the applied electric field and the storage time of electrons in the QW. High
values of the spin polarization can be achieved at room temperature. In this way, the QW with
exchange-splitted levels in ferromagnetic metal / insulator / semiconductor heterostructure can be
used as effective spin filter.
PACS numbers: 72.25.DC
INTRODUCTION
The active manipulation of spin-dependent electron
transport is the principal task in spintronics [1–3].
One of the effective way to achieve spin polariza-
tion of electrons injected into semiconductors is spin-
dependent tunnelling through a barrier in ferromag-
netic metal / insulator / semiconductor heterostruc-
tures [4–11]. The maximum of the spin injection ef-
ficiency reaches 52% at 100 K and 32% at 290 K for
a MgO barrier on GaAs [5]. High electrical injection
of spin-polarized electrons from a Fe film through an
Al2O3 tunnel barrier into Si has been demonstrated
in [8]. However, in Si the electron spin polarization
was observed at low temperatures – 30% at 5 K, with
polarization extending to at least 125 K.
Although important results in the spin injection
have been obtained, high values of the spin polar-
ization of injected electrons at room temperature has
not been achieved. Therefore, it is crucial to find a
new method of the spin polarization that allows us to
achieve high spin-injection efficiency. In this paper,
we present new method of the electron spin polariza-
tion in ferromagnetic metal / insulator / semiconduc-
tor heterostructure, which based on spin-dependent
backward scattering on exchange-splitted levels in a
2D quantum well (QW) and on the electron capture
by this QW. The QW is formed in the semiconduc-
tor near the insulator / semiconductor interface. The
insulator layer is thin in order to provide electron tun-
neling from the ferromagnetic metal and to split lev-
els in the QW by the exchange interaction. For the
case, when one of exchange-splitted levels lies in the
top region of the QW, the backscattering process of
injected electrons becomes dependent on their spins.
The capture of backscattered spin-polarized electrons
by the QW leads to an additional Coulomb repulsion
for electrons tunneling from the ferromagnetic metal
and to a considerable spin-polarized decrease of the
current flowing in the heterostructure. In this way,
high values of the spin polarization and manipulation
of injected electron spins by the charge of the QW can
be achieved.
By analogy with the spin polarization in ferromag-
netic metal / insulator / semiconductor heterostruc-
tures, spin polarization of electron current can be ob-
served in heterostructures consisted of semiconduc-
tor substrates and granular films with ferromagnetic
metal nanoparticles in an insulator matrix. Ones
of these heterostructures are SiO2(Co)/GaAs het-
erostructures, where the SiO2(Co) is the granular
SiO2 film with Co nanoparticles [12–15]. The 2D QW
(accumulation electron layer) with exchange-splitted
levels is formed at the interface in the GaAs [14–16].
In SiO2(Co)/GaAs heterostructures extremely large
magnetoresistance and the current reduction on the
temperature dependence are observed at room tem-
perature.
The paper is organized as follows. In the next
section, we study the electron backscattering process
on exchange-splitted levels in 2D QW. In Sec. III
we consider the capture of backscattered electrons
by the QW and the current reduction caused by the
QW charging. The spin polarization of electron cur-
rent caused by the backscattering process and, conse-
quently, by the current reduction is described in Sec.
IV. Finally, we summarize the results in Sec. V.
2FIG. 1: Backward scattering of injected electron on
exchange-splitted levels in the quantum well with the
width d. F is the ferromagnetic metal, I is the insula-
tor layer, E is the applied electric field.
INFLUENCE OF LOCALIZED LEVELS IN
THE QUANTUM WELL ON THE ELECTRON
BACKSCATTERING PROCESS
Let us consider the backward scattering of injected
electrons on exchange-splitted levels of the QW in a
ferromagnetic metal / insulator / semiconductor het-
erostructure (Fig. 1). Exchange interaction between
electrons in the ferromagnetic metal and electrons in
the QW through the thin insulator layer splits elec-
tron levels in the QW. Electrons on exchange-splitted
sublevels (sublevels a and b in Fig. 1) have oppo-
site spin orientations. Difference of their energies is
equal to the exchange energy ε(ex). For clarification
of the main features of scattering dependencies we re-
strict our consideration on the backscattering process
on one of exchange-splitted levels – the top sublevel a
with certain spin orientation and neglect insignificant
parts of the electron wavefunction on the sublevel a
outside the QW.
The electron wavefunction on the sublevel a is the
product of the spatial function u(x) and the spin func-
tion χu(σu)
ψ(x, σu) = u(x)χu(σu),
where σu =↑, ↓ is the electron spin. In the WKB
(Wentzel-Kramers-Brillouin) approximation [17] the
spatial function in the QW can be written as
u(x) =
Cu√
|ka|
sin(kax+ pi/4), (1)
where ka =
√
2mU/~ = pi(n + 1/2)/d is the wavevec-
tor of the electron on the sublevel a in the zero ap-
proximation with respect to ε(ex)/U ≪ 1, m is the
electron mass, U is the energy counted from the QW
bottom, d is the width of the QW, Cu is the normal-
ization coefficient, n = 0, 1, 2, . . . is the number of the
sublevel a.
The wavefunction of injected electron flying over
the QW has the form of the product of the spatial
function v(x) and the spin function χv(σv)
ϕ(x, σv) = v(x)χv(σv),
where
v(x) =
Cv√
|q| exp(iqx), (2)
q =
√
2mUv/~, Uv is the energy counted from the QW
bottom, Cv is the normalization coefficient.
For the interactionW (x) between the injected elec-
tron and the electron localized on the sublevel a, in the
first approximation with respect to W (x) the proba-
bility of the backscattering per unit time is [17]
P =
2pi
~
|〈Φf |W |Φin〉|2 η(Uf ), (3)
where η(Uf ) is the density of final states at the energy
Uf , 〈Φf | is the final wavefunction and |Φin〉 is the ini-
tial wavefunction combined of injected and localized
electrons.
If electrons form the singlet spin configuration
(σu =↑, σv =↓ or σu =↓, σv =↑), then spatial parts of
wavefunctions have the symmetric combination
Φin(x1, x2) = u(x1)v(x2) + u(x2)v(x1),
Φf (x1, x2) = u(x1)v¯(x2) + u(x2)v¯(x1),
where v¯(x) is the wavefunction of the backscattered
electron described by Eq. (2) with the substitution
q → −q. For the singlet spin state the backscattering
probability (3) is equal to
PS =
8piη(Uf )
~
|A+B|2 , (4)
where
A =
∫ d
0
u∗(x1)v¯
∗(x2)W (x1 − x2)u(x1)v(x2) dx1dx2,
B =
∫ d
0
u∗(x2)v¯
∗(x1)W (x1 − x2)u(x1)v(x2) dx1dx2,
3If electrons form the triplet spin configuration
(σu =↑, σv =↑ or σu =↓, σv =↓), then spatial parts of
wavefunctions are antisymmetric
Φin(x1, x2) = u(x1)v(x2)− u(x2)v(x1),
Φf (x1, x2) = u(x1)v¯(x2)− u(x2)v¯(x1).
For the triplet state the probability (3) can be written
as
PT =
8piη(Uf )
~
|A−B|2 . (5)
Magnitudes A and B in relations (4) and (5) are func-
tions of wavevectors q and ka. Besides, the wavevec-
tor ka depends on the number n of localized level:
kad = pi(n + 1/2). Taking into account wavefunc-
tion forms (1) and (2), for the uniform interaction
W (x) =W we obtain
A =
C2uC
2
vW (kad+ 1)
4ik2aq
2
[exp(2iqd)− 1]
B =
C2uC
2
vW
2kaq(k2a − q2)2
[(−1)n exp(iqd)(iq + ka)
−(iq − ka)]2 .
Probabilities PS (4) and PT (5) strongly depend on
the difference of wavevectors ∆q = q − ka and, con-
sequently, on the difference ∆U between the energy
of injected electron Uv = U + ∆U and the energy of
localized electron U in the QW. For ∆U ≪ U the
energy difference is
∆U = ~∆q ·
√
2U
m
=
~
2ka∆q
m
. (6)
Singlet and triplet backscattering probabilities versus
the normalized wavevector difference ∆qd for n = 0, 1
are shown in Fig. 2. Probabilities are normalized
by the magnitude of the singlet probability P
(0)
S with
n = 0 and q = ka. In accordance with relation (6), the
singlet and triplet probabilities 1S and 1T (n = 0) are
shown as functions of the variable ∆U (upper axis). In
this case the QW contains only one exchange-splitted
level. Calculations have been done for d = 1 nm and
U = 94 meV. It is necessary to notice that the prob-
ability of the singlet backscattering PS (curves 1S,
2S) is higher than the triplet backscattering proba-
bility PT (curves 1T, 2T) – the backward scattering
becomes dependent on spins of injected electrons. For
FIG. 2: Probabilities of singlet and triplet backscattering
of injected electron with the wavevector q on the QW ver-
sus the normalized wavevector difference ∆qd = (q−ka)d.
ka = pi(n+ 1/2)/d is the wavevector of localized electron,
n is the number of level. Probabilities are normalized by
the magnitude of the singlet probability P
(0)
S
with n = 0
and q = ka. 1S, 1T are singlet and triplet backscattering
on the first level (n = 0); 2S, 2T are singlet and triplet
backscattering on the second level (n = 1), respectively.
For the QW with the width d = 1 nm and the energy depth
U = 94 meV the singlet and triplet probabilities 1S and
1T are shown as functions of the difference ∆U between
the energy of injected and localized electrons (upper axis).
scattering of injected electrons on the level with n = 0
and with the wavevector q → ka = pi/2d, the ratio of
singlet and triplet probabilities leads to the relation
PS
PT
→
(
pi + 3
pi + 1
)2
= 2.20.
The backscattering probability strongly reduces
with growth of ∆q and ∆U . The greatest magnitude
of backscattering is achieved for the level with n = 0.
Thus, the backscattering process becomes important,
if (1) the QW contains only exchange-splitted level
with n = 0, (2) one sublevel of the exchange-splitted
level with certain spin orientation lies at the top of the
QW and (3) the energy of injected electrons is closed
to the energy of localized electron on this sublevel.
REDUCTION OF THE CURRENT
The capture of backscattered electrons by the QW
leads to the considerable current reduction dependent
on spin orientation of injected electrons. If the Fermi
4level lies below localized electron levels in the QW,
then at a finite temperature these levels are partially
filled by electrons. Backscattered electrons are cap-
tured by the QW and, in accordance with their spin
orientation, they occupy different localized levels. We
suppose that the spin relaxation time is greater than
the storage time of additional electrons in the QW.
Then, for the singlet scattering process backscattered
electrons occupy the sublevel b with spin orientation
opposite to spin orientation of the sublevel a (Fig. 1).
The sublevel b lies below the sublevel a. On the con-
trary, for the triplet case backscattered electrons fall
on the sublevel a. The storage time τ of the pres-
ence of additional electrons in the QW depends on
the electron-hole recombination, on temperature ac-
tivation processes, and on the electron tunneling into
the conduction band. For underlying levels the stor-
age time τ is greater than the storage time of electrons
on overlying ones. The additional charge in the QW
leads to the electrostatic blockade of injected electrons
and to the current reduction. In this way, the cur-
rent flowing in ferromagnetic metal / semiconductor
heterostructure with QW, which contains exchange-
splitted levels, is unstable. This current instability is
accompanied by the charge accumulation in the QW
and by the current reduction depended on spin orien-
tations of injected electrons.
Let us calculate the reduction of the current. For
clarity, we consider the current reduction caused by
the singlet backscattering. In the triplet case, the con-
sideration is analogous. The current density flowing
over the QW is equal to
j = enµE, (7)
where e is the electron charge, µ is the electron mo-
bility, E is the electric field,
n = n0 exp
(−eϕ
kT
)
is the electron concentration over the QW, n0 is the
electron concentration without an electric field, ϕ is
the potential of the field of additional localized elec-
trons in the QW, k is the Boltzmann constant, and T
is the temperature. In the singlet backscattering case,
the additional charge accumulates on the sublevel b
(Fig. 1). The potential ϕ of the field caused by this
additional charge is determined by the equation [18]
d2ϕ
dx2
=
4pie
ε
(nb − n(0)b ), (8)
where ε is the dielectric permittivity of the semicon-
ductor in the QW region; nb and n
(0)
b are electron
concentrations on the sublevel b in the electric field
and without a field, respectively. If the additional
concentration of the charge nb−n(0)b is uniformly dis-
tributed over the QW width, then the solution of Eq.
(8) is given by
ϕ(x) =
2pie
ε
(nb − n(0)b )x2.
Injected electrons must surmount the additional bar-
rier with the energy height
eϕ =
2pie2
ε
(nb − n(0)b )d2. (9)
Taking into account relations (7) and (9), we obtain
the current density of electrons incoming on the sub-
level b
jb = PSj = PSeµEn0 exp
[
−2pie2(nb − n(0)b )d2
εkT
]
.
Release of additional electrons from the sublevel b is
determined by the time τb and the current density of
outgoing electrons can be written as
j¯b =
e(nb − n(0)b )d
τb
.
For the equilibrium process jb = j¯b and
PSµEn0 exp
[
−2pie2(nb − n(0)b )d2
εkT
]
=
(nb − n(0)b )d
τb
.
(10)
Relation (10) is the equation in the unknown addi-
tional electron concentration nb − n(0)b . Taking into
account relation (7), we find the current reduction
caused by the singlet electron backscattering on the
QW
RS =
j
jR
= exp
[
2pie2(nb − n(0)b )d2
εkT
]
. (11)
Current reductions RS versus the applied electric
field E for different times τb are shown in Fig. 3. Cal-
culations are performed for PS = 2 · 10−6, width of
the QW d = 2 nm, permittivity ε = 1, T = 300 K,
µ = 8 · 103 cm2/V·s, and n0 = 2.5 · 1017 cm−3. From
the presented dependencies we can see that backscat-
tering of injected electrons on exchange-splitted levels
and accumulation of electrons in the QW leads to con-
siderable reduction of the current depended on its spin
orientation.
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FIG. 3: Current reduction RS caused by the singlet
electron backscattering in ferromagnetic metal / insula-
tor / semiconductor heterostructure with quantum well
(QW) contained exchange-splitted levels versus the ap-
plied electric field E for different storage time τb of addi-
tional electrons in the QW. The backscattering probability
PS = 2 · 10
−6, width of the QW d = 2 nm, temperature
T = 300 K, and the electron concentration over the QW
n0 = 2.5 · 10
17 cm−3.
The current reduction depends on the electron con-
centration n0 in the semiconductor. For small values
of n0 the additional concentration nb − n(0)b in Eq.
(10) leads to zero and the reduction is small, RS → 0.
For great values of the concentration n0 (for example,
close to metal concentrations) the QW contains filled
levels and the additional charge in the QW is impos-
sible. As a result of this, there is no any reduction of
the current.
For the triplet backscattering case, backscattered
electrons accumulate on the level a. The current re-
duction RT is determined by relation (11), in which we
must perform the substitution nb − n(0)b → na − n(0)a .
The additional electron concentration na−n(0)a is the
solution of Eq. (10) with substitutions τb → τa and
PS → PT . In comparison with the singlet case, for
τa ≪ τb and PT < PS the current reductionRT caused
by the triplet backscattering and by the accumulation
of electrons in the QW is insignificant.
SPIN POLARIZATION OF ELECTRON
CURRENT
The QW with exchange-splitted levels can be re-
garded as spin filter for injected electrons. Let us
consider the spin current flowing over the QW with
FIG. 4: (a) Current with square modulation of the spin po-
larization. j
(↑)
R
and j
(↓)
R
are currents with spin polarization
↑ and ↓, respectively, after electron backward scattering on
the QW. (b) Spin polarization G of the electron current
caused by the electron backscattering versus the electric
field E for different values of the storage time τb.
square modulation of the spin projection S(t) (Fig.
4a)
j(α) = S(t)nµE, (12)
where n is the electron concentration, µ is the mobil-
ity, E is the electric field, α =↑, ↓. We suppose that
the modulation period τm is much greater than the
storage times τa and τb: τm ≫ τb > τa. Without spin-
dependent backscattering and charge accumulation in
the QW the spin current j(α) is not modified. In the
presence of singlet and triplet backscattering and ac-
cumulation of backscattered electrons in the QW, the
spin current j(α) decreases to j
(α)
R and the reduction
becomes dependent on its spin projection S(t). The
magnitude of the reduction of the current j(↑) → j(↑)R
caused by the singlet backscattering on the sublevel a
(Fig. 1) is higher than the magnitude of the reduction
of the current j(↓) → j(↓)R caused by the triplet scat-
tering process. Taking into account relations (7), (11)
and (12), for time regions far from pulse edges we can
write the spin polarization as
6G =
|j(↓)R | − |j(↑)R |
|j(↓)R |+ |j(↑)R |
=
RS −RT
RS +RT
.
The spin polarization G versus the electric field E
has been calculated for different values of the storage
time τb for backscattering probability PS = 2.20·PT =
2 · 10−6, width of the QW d = 2 nm, permittivity
ε = 1, temperature T = 300 K, electron mobility µ =
8 · 103 cm2/V·s, concentration n0 = 2.5 · 1017 cm−3,
and time τa = 10 ns (Fig. 4b). One can notice that
the spin polarization G increases with growth of the
electric field E and the storage time τb.
CONCLUSION
The backward scattering of injected electrons on
exchange-splitted levels of quantum wells in ferromag-
netic metal / insulator / semiconductor heterostruc-
tures can be used as the effective way of the spin po-
larization of the current. The necessary condition to
obtain high values of the spin polarization is: one of
the exchange-splitted levels must be in the top region
of the QW. If the energy of injected electrons is close
to the energy of localized electrons, the backward scat-
tering becomes dependent on spins of injected elec-
trons – on singlet or triplet spin configurations. It is
found that the probability of the singlet backscatter-
ing PS is higher than the triplet backscattering prob-
ability PT . The capture of backscattered electrons by
the QW leads to an additional Coulomb repulsion for
electrons and to the considerable spin-dependent re-
duction of the current flowing in the heterostructure.
The spin polarization G of the current increases with
growth of the applied electric field and the storage
time of electrons in the QW and its high values can be
achieved at room temperature. In this way, the QW
with exchange-splitted levels in ferromagnetic metal
/ insulator / semiconductor heterostructures can be
regarded as spin filter.
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